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Liquid Chromatography Mass Spectrometry
With Supersonic Molecular Beams
Aviv Amirav and Ori Granot
School of Chemistry, Sackler Faculty of Exact Sciences, Tel Aviv University, Tel Aviv, Israel
A new approach for liquid chromatography mass spectrometry (LC-MS) is described, based on
achieving soft thermal vaporization followed by supersonic expansion and direct sample
compound ionization, while in a supersonic molecular beam (SMB). The soft molecular
vaporization step utilizes spray formation that is continued by fast thermal vaporization inside
a channel supersonic nozzle, followed by ultrafast supercooling in a supersonic expansion. The
short time (several microseconds) spent by the vaporized compound in the heated nozzle prior
to its expansion cooling may result in incomplete vibrational equilibrium and thus reduced
degree of dissociation. In addition, even if vibrational equilibrium at the nozzle temperature
is obtained, the sample compounds have significantly reduced time for their dissociation,
which is thus further minimized (kinetic consideration). As soon as the molecules expand and
form a SMB, they are supercooled and any further dissociation is avoided. While in the SMB,
the sample molecules can be ionized either by electron ionization as described in this paper or
by hyperthermal surface ionization. The major goal of this method is to obtain high quality
library searchable electron ionization mass spectra, for a broad range of thermally labile
compounds, with higher sensitivity than that achievable by particle beam LC-MS. The soft
thermal vaporization nozzle is described and mass spectral results with corticosterone are
demonstrated. The potential advantageous features of this new method are discussed. (J Am
Soc Mass Spectrom 2000, 11, 587–591) © 2000 American Society for Mass Spectrometry
The major liquid chromatography mass spectro-metry (LC-MS) techniques that are also commer-cially available today are particle beam LC-MS
(PB-LC-MS) [1–8], atmospheric pressure chemical ion-
ization (APCI) [9, 10], and electrospray ionization
LC-MS (ESI-LC-MS) [11–13]. ESI has recently become
the most popular and widely used LC-MS method due
to its superior sensitivity and extended mass range,
enabled by the formation of multiply charged ions.
However, ESI is limited in the analysis of small and
especially nonpolar compounds and thus it is supple-
mented with APCI, that in some cases has better per-
formance with relatively small and less polar com-
pounds. However, both ESI and APCI suffer from
limitations with regard to the ionization of nonpolar
compounds and are characterized by nonuniform and
compound specific response. The major and most sig-
nificant advantage of the particle beam method is that it
enables library searchable electron ionization (EI) mass
spectra that provides the best available method for
molecular identification. This type of identification can
be achieved automatically by nonexperts and can be
legally defensible. Furthermore, the observed mass
spectral fragmentation pattern is well studied and it
contains structural information that helps with un-
known compound identification [14]. Thus, it was ar-
gued that despite its lower sensitivity and smaller range
of compounds PB-LC-MS is still a vital and useful
technology [8].
The use of supersonic molecular beams (SMB) for
sampling and ionization in mass spectrometry was
explored [15–17], aimed at improving gas chromatog-
raphy—mass spectrometry (GC-MS) [18, 19]. SMB are
characterized by two important features: (A) Intramo-
lecular vibrational–rotational supercooling that results
in considerably improved level of mass spectral infor-
mation provided by standard electron ionization [15–
17]. The molecular ion abundance is largely enhanced
and is practically always exhibited, combined with
library-searchable fragment ions. Isomer and other
structural effects are amplified. (B) Unidirectional mo-
tion with controlled hyperthermal kinetic energy up to
30 eV that enables an effective ionization method called
hyperthermal surface ionization (HSI) [15, 20, 21]. HSI
is based on the hyperthermal surface scattering of the
sample compound from a suitable surface such as
rhenium oxide, having a high surface work function.
HSI is a selective ionization method that is effective for
the detection of drugs and policyclic aromatic hydro-
carbons (PAHs) in complex matrices [22]. The coupling
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of HSI with LC-MS was investigated by Tinke et al. [23]
who used a particle beam interface with HSI ion source
in place of the EI ion source.
Mass spectrometry with supersonic molecular beams
(MS-SMB) is uniquely characterized by the ionization of
the sample molecules while they are vibrationally cold
in the SMB. Up to now, this technique of MS-SMB was
successfully employed with gas phase samples, pro-
vided from a gas chromatography after thermal vapor-
ization. However, its coupling with liquid samples of
thermally labile compounds or with the outlet of a LC
was not performed, due to several major problems that
must be considered and overcome. (A) The problem of
intact vaporization of thermally labile compounds. (B)
The liquid solvent load on the vacuum pumps needs to
be considered, including its effect on the molecular
cooling, aerodynamic acceleration, and jet separation
efficiency. (C) Chromatographic peak tailing must be
eliminated. (D) Cluster and adduct ion formation must
be avoided or minimized. (E) All of the above require-
ments must be achieved with high sample transfer and
ionization efficiency.
Liquid Sampling Mass Spectrometry
With Supersonic Molecular Beams
Our novel approach [24] is based on achieving fast and
thus soft thermal vaporization inside (or just prior to) a
channel supersonic nozzle. The very short time (several
microseconds) spent by the sample compound at the
heated nozzle results in reduced degree of decomposi-
tion due to both incomplete vibrational equilibrium and
the short time available for dissociation (kinetics con-
siderations). As soon as the molecules expand and form
the SMB, they are supercooled and any further dissoci-
ation is completely avoided. While in the SMB the
sample can be ionized either by EI as described in this
paper or by HSI. Our major goal is to obtain high
quality library searchable electron ionization mass spec-
tra for a broad range of thermally labile compounds and
with higher sensitivity than that achievable by PB-LC-
MS.
The idea of achieving reduced molecular degrada-
tion through minimizing the time available for such
process is obvious and based on simple kinetic consid-
erations. However, the main issue is how to effectively
employ it. Beuhler et al. [25] applied a rapid surface
heating technique for achieving reduced fragmentation
and peptides mass analysis. Grotemeyer et al. [26, 27]
used pulsed lasers for ultrafast vaporization of labile
molecules, and even in modern APCI LC-MS fast ther-
mal vaporization is employed. Our method is unique in
several aspects: (A) It is compatible with continuous
liquid flow such as that of a LC. (B) The sample
molecules are vaporized directly from the liquid and
not from a surface. (C) No pulsed heating is involved.
The sample molecules heating time is limited because of
its fast motion through the continuously heated vapor-
ization zone. (D) The sample molecules are also heated
in the gas phase and not only during its initial vapor-
ization. (E) The sample is vaporized at about atmo-
spheric pressure. (F) The neutral sample molecules are
transported with the SMB into the ion source. (G) The
sample molecules are vibrationally cold, without any
surface scattering or adsorption, during its ionization.
(H) Electron ionization is enabled with library mass
spectral search.
Experimental
The LC-MS with supersonic molecular beam apparatus
is based on relatively minor modifications to our home
made GC-MS with supersonic molecular beam system
that was previously described [17–19]. The samples
were introduced into the LC injection system (Spectra
Physics model P200). In most of our studies they were
injected from a 5 mL injection loop, directly into a liquid
transfer line, without any column separation. Methanol
was used as the solvent at flow rates in the 10–200
mL/min range. Helium gas was provided through 0.53
mm i.d. standard GC transfer line capillary at flow rates
in the 0–200 mL/min range. The He gas line also
contained the liquid transfer line that was a fused silica
capillary with 150 mm o.d. and 75 mm i.d. (PoliMicro
TSP 075150). The solvent with the sample was vapor-
ized and mixed with the carrier gas inside the channel
supersonic nozzle as described below. The gaseous
mixture of solvent, sample and He expanded through
the supersonic nozzle into the first vacuum chamber (4
in. Varian VHS diffusion pump), and were skimmed by
a skimmer. It was further differentially pumped in a
second pumping chamber, collimated by a beam colli-
mator, and formed a supersonic molecular beam in a
third mass analyzer vacuum chamber. The SMB sample
compounds were ionized in a “fly-through” EI ion
source (homemade) and the ions were deflected 90°
through an ion deflector and analyzed by a standard
quadrupole mass analyzer. A VG SXP-600 quadrupole
served as the mass analyzer at 3 Hz scanning rate. The
mass analyzed ions were detected by a channeltron ion
detector and the data were processed for identification
and quantification using the Shrader System software
and NIST 92 mass spectral library.
The Soft Thermal Vaporization Nozzle
In Figure 1A (upper structure) a schematic diagram of
the fast, soft thermal vaporization chamber and super-
sonic nozzle is shown. The liquid sample is introduced
in the fused silica capillary column tube 1, having an i.d.
of 75 mm and an o.d. of 150 mm. The liquid transfer tube
is surrounded by a coaxial flowing gas tube 2, sealed by
a sealing ferrule 3 between the back structure 4 and
middle chamber structure 5. The liquid transfer tube
enters the supersonic nozzle capillary tube 6 that is
sealed with ferrule 7 to chamber 5. The nozzle is made
of a short piece of a standard deactivated fused silica
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capillary with 0.32 mm i.d. and 0.45 mm o.d. coated
with a high temperature Vespel protective coating
(available as a GC transfer line). The supersonic nozzle
capillary tube is placed inside a stainless steel tube 8,
that serves as the heater for the spray formation, sample
vaporization, and supersonic nozzle. We used a stan-
dard SilcoSteel tube available from Restek (Bellefonte,
PA) for heating 8, with a 0.53 mm i.d. and a 0.75 mm
o.d. Because of its high electrical resistivity it was
heated by direct current heating. The heating tube is
supported on one side by the electrical insolating fer-
rule 7 and at the supersonic nozzle side by the clamp 9
that has an electrical contact 10 that is usually
grounded. The nozzle front can be heated by passing
current between contacts 10 and 11, whereas the spray
formation and early vaporization can be aided through
separate heating by passing current between electrical
contacts 11 and 12. A simpler arrangement with only
one heating power supply connected to contacts 10 and
12 was also employed. The supersonic nozzle was
positioned and supported by support screws 9 and its
position relative to the skimmer could be controlled
from outside of the vacuum system.
This relatively simple spray formation, sample va-
porization, and supersonic nozzle structure was found
to be effective and useful in the soft thermal vaporiza-
tion of thermally labile compounds. In addition, the
thin electrically heated tube oven has the advantage of
having low thermal conductivity and thus it is charac-
terized by a large temperature gradient along its length
to the unheated chamber 5. This feature was found to be
important to prevent too early solvent vaporization that
can cause sample condensation on relatively cool sur-
faces and eventually to clogging of the transfer tube.
The low thermal mass of the heating system also
resulted in fast thermal equilibration that could be
changed according to the experimental needs. In the
setup, the solvent partial or complete vaporization was
already achieved inside the sample and solvent delivery
tube 1, at its end side. Thus, its output was mostly of
sample particles and vaporized solvent molecules. This
is similar to what is performed in the ThermaBeam
particle beam generator of Extrel (now Waters) [28]. He
gas was provided and mixed with the output of the
solvent and sample delivery tube for serving as the
supersonic expansion gas. This helium flow is also
desirable for improved heat transfer from the heating
tube to the solvent and sample tube, as well as for better
heat transfer for the vaporization of the sample mole-
cules inside the supersonic nozzle tube. While the
supersonic nozzle was separately heated through elec-
trical contacts 10 and 11, the heated mixed gas and
vaporized solvent also contributed to its temperature
and thus it required lower heating current. The actual
heater temperature was measured by a separate ther-
mocouple (not shown) spot-welded onto contact 11.
Typical lengths of the heating tube were 10–30 mm each
heated thermal zone and 10 mm separation from cham-
ber 5 for thermal insulation. The solvent flow rate in our
experiments was in the 10–200 mL/min range. The
solvent flow rate affected the required optimal heating
current that was in the 3–9 A range.
In Figure 1B, a schematic diagram of a variation of
the soft thermal vaporization nozzle is shown. The only
change in comparison with Figure 1A is that the solvent
and sample delivery tube 1 now ends a little (i.e., 1 mm)
outside the nozzle capillary. According to this modifi-
cation, the sample and solvent delivery tube also serves
as the supersonic nozzle, and the vaporized solvent
molecule, such as methanol, serves as the supersonic
expansion gas. Thus, all the processes of solvent spray
formation, particle vaporization and supersonic expan-
sion were unified and performed inside the 75 mm i.d.
liquid transfer line tube. This version (1B) of the appa-
ratus also works well and is characterized by several
unique features in comparison with the apparatus pre-
sented in Figure 1A:
1. No helium or hydrogen makeup gas is needed and
thus the gas load on the vacuum pumps is signifi-
cantly reduced.
2. Because the internal diameter of the solvent and
sample tube is much smaller than that of the regular
Figure 1. A schematic diagram of the soft thermal vaporization
channel supersonic nozzle. A shows sample and solvent spray
formation inside a solvent and sample transfer-line 1 located
inside a supersonic nozzle tube 6, followed by mixing with helium
and sample vaporization inside the nozzle prior to the supersonic
expansion. B shows a modification where the liquid transfer
capillary 1 also acts as the supersonic nozzle and the vaporized
solvent as the supersonic nozzle cooling gas. Details are given in
the text.
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nozzle, the solvent partial pressure is higher and
clusters of the sample compounds and the solvent
can appear.
3. The clusters formed by the sample and solvent
molecules provide additional mass spectral informa-
tion of cluster chemical ionization [29]. In this mode
we observed the conventional EI mass spectrum plus
protonated molecular ions as well as additional ions
of the sample molecule plus one or more adduct
solvent molecules.
4. This version was found to be a little more delicate in
handling thermally labile compounds with a nar-
rower temperature range that provided useful mass
spectral information in comparison with the appara-
tus shown in Figure 1A.
We note that the same apparatus was used for both
modes, and switching between these two modes of
operation was simply performed by the repositioning of
the solvent and sample delivery tube, without opening
the vacuum system.
Results and Evaluation of the Soft
Thermal Vaporization
The major presumption is that during the solvent
vaporization stage, the compounds are thermally pro-
tected by the latent heat of vaporization, which keeps
the analyzed compounds relatively cool. Later on, dur-
ing the short period of heating, due to the relatively
ineffective and slow energy transfer of helium atoms
and solvent molecules, full vibrational thermal equilib-
rium is not achieved and the intramolecular vibrational
energy content is limited. Because sonic carrier gas
velocity prevails inside the capillary nozzle, the sample
molecules residence time inside the heated nozzle is
estimated to be about 10 ms (10 ms/cm pure carrier gas
velocity). The nozzle temperature is adjusted so that the
sprayed small droplets are evaporated and the emerg-
ing particles are further fully thermally vaporized. The
estimated number of gas phase collisions of the carrier
gas atoms, solvent and sample molecules is about
104–105. This number seems insufficient to establish a
full thermal equilibrium with the nozzle wall tempera-
ture, as a typical drug compound, with molecular
weight of 500, has over 200 vibrational degrees of
freedom. In addition, the largely reduced time spent by
the compound at the heated nozzle prior to the expan-
sion cooling provides further substantial reduction of
the degree of dissociation. This reduction originates
from the reduced time available for intramolecular
vibrational energy redistribution that leads to dissocia-
tion (kinetics considerations). Certainly, this thermal
vaporization method seems much softer than that of
particle beam LC-MS inside the EI ion source, due to
minimal contact with the inert nozzle surface, much
shorter residence time, and lack of full thermal equili-
bration.
It is estimated that adsorption to the nozzle walls is
negligible and that the vaporization of particles or
microdroplets is in the gas phase. This estimation is
based on the assumption of up to 40 theoretical sepa-
ration plates for a 12-mm-long GC column that have an
internal diameter of 320 mm at about 25 cm/s carrier gas
velocity. At the actual carrier gas velocity of 105 cm/s in
the nozzle, the number of GC theoretical plates will be
0.01, with the implication of about 1% probability of
adsorption on the walls. Thus, most of the molecules or
particles are swept in a laminar, unperturbed way,
without any wall adsorption. In addition, even if a
droplet touches a hot surface, the solvent vaporization
should create a repulsive pressure, as in a GC injector,
that will prevent adsorption.
The “Supersonic LC-MS” apparatus was experimen-
tally tested and several thermally labile compounds
that are not amenable for gas chromatography analysis
were successfully analyzed. The compounds studied
include amino acids such as proline and tryptophan,
underivatized steroids such as estradiol, stanozolol,
cortisone, and corticosterone, a vitamin such as b-caro-
tene and antibiotic drugs such as cytidine, spectinomy-
cene, sulphamerazine, and reserpine. High-quality, li-
brary searchable, EI mass spectra were obtained for all
these compounds and no peak tailing was observed.
In Figure 2 a typical EI mass spectrum of corticoste-
Figure 2. A mass spectrum of corticosterone in methanol solu-
tion (middle trace) obtained with the soft thermal vaporization
method, with the nozzle configuration shown in Figure 1A, and its
comparison with the standard EI library mass spectrum (lower
trace). The total ion time dependence is also shown (upper trace).
1.5 mg corticosterone sample was injected.
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rone in methanol solution is shown in the middle trace,
and is compared with the standard EI library mass
spectrum shown in the lower mass spectrum trace. The
total ion time dependence (using flow injection) is also
shown in the upper trace and it is without tailing. Note
the similarity of the library mass spectrum to that
obtained with the supersonic molecular beam appara-
tus. All the ions of m/z 213, 227, 251, 269, and 315 are
with practically identical relative intensity and thus a
good library search result is enabled (NIST library
matching factor of 88% with this limited mass spectro-
metry range). In addition, the molecular ion at m/z 346
is now clearly observed while it is missing in the library.
The relative abundance of the high-mass ion at m/z 328
is also enhanced. Thus, Figure 2 demonstrates the
usefulness of the SMB-liquid sampling-MS approach, in
both the analysis of a thermally labile compound as
well as in the provision of enhanced mass spectral
information.
The effect of cluster formation in the supersonic
expansion was also explored. It was found that, due to
the high temperature of the nozzle and its relatively low
pressure of about 1 atm or below, combined with the
use of low molecular weight carrier gas, the effect of
cluster formation is negligible. However, when the
configuration shown in Figure 1B was used, cluster
formation could be substantial, depending on the noz-
zle temperature.
Potential Advantages
The presented method provides two important advan-
tages that were demonstrated in this communication:
1. A library mass spectral search is enabled, unlike with
APCI and ESI. This is an important advantageous
feature, shared with PB-LC-MS that enables fast and
reliable molecular identification.
2. Extended mass spectral information is revealed,
which is superior to that provided by particle beam
LC-MS.
This method requires further investigation in order to
explore and expose additional unique features. Poten-
tial additional advantages and features that will be
studied include:
1. Higher sensitivity in comparison with PB-MS.
2. Linear and relatively uniform response.
3. A broader range of compounds is potentially ame-
nable for analysis, in comparison with PB-MS.
4. The problem of chromatographic peak tailing could
be potentially smaller than with PB-LC-MS.
5. The present method is anticipated to be compatible
with volatile buffer and salt solution operation.
6. Matrix effects might be relatively small due to the
potentially complete vaporization of the solvent,
sample, and matrix.
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